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 1  Introduction
1.1 Protein structure
There  are  many  comprehensive  text  books  on  protein  structure1,2 therefore  the  next
paragraphs  refer  only  to  general  aspects  of  protein  structure  relevant  to  my  research.
Polypeptides form from the polymerization  of  the  naturally  occurring  20 L-amino  acids.
The sequence of amino acids that form a  polypeptide is called the primary structure. In a
polypeptide,  adjacent  amino  acids  are  linked  by  amide  bonds  (peptide  bond)  from  the
carboxylic  acid group (COOH) of  amino acid  i to the amino group (NH2) of  i  +  1. The
peptide bond is more commonly found in a trans conformation and planar  (related to the
torsion angle ω between the planes (Ci, Ni+1,Hi+1) and (Oi, Ci,Ni+1)) due to the presence of a
partial double bond at the C-N. Each residue i in the sequence is described by two backbone
dihedral  angles:  φi, angle between the planes (Ni, Cαi, Ci) and (H, Ni,  Cαi),  and  ψi, angle
between the planes (Ni, Cαi, Ci) and (Cαi, Ci, O).  
Figure 1.1 Torsion angles in the polypeptide backbone. 
The overall folded structure of the chain (tertiary structure) is determined by the interplay
between backbone angle rotation and side chain packing (subjected to interactions between
side chains and of these with the solvent).  There are arrangements of backbone geometries
frequently found that are stabilized by the presence of  hydrogen bonds. Such patterns are
called  elements  of  secondary  structure  and  the  most  common  are:  i)  turns,  where  the
direction of the chain is reversed and backbone hydrogen bonds are formed between facing
residues, ii) (right handed) helices, a very stable element where backbone hydrogen bonds
are formed between oxygen of residue i and nitrogen of residue i + 4 (α-helix), and iii)  β-
sheets, where backbone hydrogen bonds are formed between extended segments of the chain
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not necessarily close in the primary sequence and that may run either in the same (parallel)
or reverse (anti-parallel) direction. 
Determination  of  protein  three-dimensional  structure  can  be  accomplished  by  the
combination  of  experimental  (typically  solution  NMR  and  x-ray  crystallography)  and
computational  techniques.  Although most of our knowledge of protein structure has been
based on these techniques, not all structures can be solved experimentally nor it is possible
to  predict  the  structure  of  protein  motifs.  The  question  of  how  a  protein  reaches  the
functional  folded  conformation  and  how  the  corresponding  3-d  structure  looks  given  a
sequence of amino acids is still unsolved.
1.2 Computer simulations of peptide folding
According to a recent hypothesis in protein folding theory, the conformational properties of
a protein  and the possibility  of  forming  self-assembled  supramolecular  structures  can be
considered in terms of the relative stability of a multitude of states that are accessible to such
structures.3 This is illustrated in figure 1.2.
The  folding  process  of  a  monomeric
protein  molecule  starts  from  its  least
ordered  state  (U)  and  evolves  through  a
series of  partially  folded states (I)  on the
route to the fully native state (N).  There is
nevertheless  a  certain  probability  that  the
native state (N) forms ordered aggregated
species  (crystals  and  fibers)  and  that  the
unfolded  and  partially  folded  states  are
degraded  in  the  cell  or  form  aggregated
species.   These  aggregates  are  frequently
disordered  or,  given  the  appropriate
conditions,  highly  ordered  into  amyloid
fibrils.   In  living  systems  transitions,
between  the  different  states  are  highly
regulated  by  the  environment  and  by  the
presence of molecular chaperones, 
Figure  1.2 Scheme of  some  of  the  states
accessible to a polypeptide chain following
its biosynthesis.  Taken from figure 8, page
141  in  Dobson,  CM.  Phil  Trans  R  Soc
Lond B 2001, 356, 133.
proteolytic enzymes and other factors.4 
How  general  this  scheme  is  depends  on  the  level  of  theoretical  description,  the  system
studied  and  the conditions  under  which the experiments  were  performed.  In  principle,  it
would  be  desirable  that  the  same  physical  laws  govern  all  mechanisms,  therefore  an
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oversimplification  of  the  biology  behind  it  may  limit  the  scope  of  any  approach.  From
observations  in vitro,  knowledge has been gained into the process  in vivo but still the gap
has  to  be  bridged  with  in  vitro  experiments  that  make  a  closer  resemblance  of  the  cell
environment. In the same line, theoretical descriptions that usually come from simulations
where  specific  details  from biology  are  omitted  may  overestimate  the  models  used  and
perhaps may lead to the proposal of simplistic mechanisms that the cell does not follow.  A
smart  description  of  the  scheme  in  figure  1.2  would  include  key  biological  details  to
highlight the physicochemical properties of each state, if they exist, and the mechanisms that
bring the protein molecule from one state to the other (where the arrows should be drawn).
From  a  statistical  mechanical  perspective  the  folding  process  may  be  considered  as  a
stochastic  search of the various conformations accessible to a  polypeptide chain.  Such an
interpretation allows one to consolidate many previous observations about folding5. It  also
implies that protein folding could be fully understood if the thermodynamics and kinetics of
the process could be described. To achieve this, an accurate representation of the folding free
energy landscape is a basic requirement. Experimental data on folding has been interpreted
as indicating a free energy landscape with a funnel shape.6,7,8 Within this context, the native
topology dictates the overall process of folding by bringing the structure to a collapsed state
where favorable  native interactions dominate.  Once these interactions are formed,  that is,
once the overall topology is reached, more specific local interactions are formed that lead to
the native state. The details of the shape of the funnel depend on the sequence of amino acids
and the robustness of the topology.  Phenomenological models for folding simulations that
have shed light into such funnel-like free energy landscapes have mainly involved two levels
of  description:  minimalistics  models,9 where  only  the  overall  physical-chemistry  of  the
process is captured, and all-atom models,7 where the details of the atomic interactions are
also reproduced. 
Experiments  and  computational  simulation  techniques  both  provide  information  on  the
details  of the  folding  process.  However  given  that computational  simulations  are  able  to
provide resolution far beyond that of experiment, they provide a means to obtain an accurate
description of the folding free energy landscape. A tractable approach to achieve this goal is
to study representative model systems that can be simulated within the time- and space-scale
accessible. Folding of small peptides with well defined motifs suits the requirements for such
studies given the size of the molecule, the simplicity of the topology and the relatively fast
rates  of  folding  (from  nanoseconds  to  microseconds).  Peptide  folding  illustrates  the
dynamics  and  thermodynamic  stabilization  of  structural  patterns  (elements  of  secondary
structure)  commonly found in proteins, though it does not provide a general view for the
formation of the overall protein topology.   In addition, there is a considerable amount of
experimental data available in the literature that comes from peptide design and fast time-
resolved spectroscopy that facilitates appropriate links between simulation and experimental
results.10 
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Peptide folding and misfolding is thus the central theme of this thesis. To have a framework
for the research discussed in the following chapters, a general overview of the computational
techniques used to address self-organization phenomena in peptides is covered in this section
(1.2 Computer simulations of peptide folding) and in the next (1.3 Computer simulations of
peptide misfolding).
Current  computational  resources  allow  the  simulation  of  peptides  on  a  nanosecond  to
microsecond  time-scale using  all-atom models.  All-atom models can provide an accurate
description  of  the  free  energy  landscape  in  certain  circumstances.  But,  these  models
represent  effective  many-body  interactions  and/or  interactions  that  cannot  be  modelled
clasically, therefore how reliable and universal they are remains under discussion. Another
critical  point  is  how  to  properly  model  the  effect  of  solvent  entropy  on   peptide
conformation. In this direction, two strategies have been developed: simulations in implicit
solvent,  which have the advantage of computational speed while compromising a detailed
representation of solvent entropy and charge screening,11 and simulations in explicit solvent
that  (partially) include  the effects  of solvent  but  at  a  high computational  cost even for a
peptide of 20 amino acids (chapter 3 of this thesis). Discussion and improvement of the force
field is currently a topic of much interest.12,13,14,15 
A  key  feature  in  any  successful  folding  simulation  is  the  extent  of  sampling.  Several
techniques have been developed to address this problem such as multicanonical Monte Carlo
sampling16 and a series of different molecular dynamics  techniques. These MD techniques
use  simplified  models17 or  all-atom models.  Examples  of  the  latter  are  biased-sampling
simulations,18,19,20 transition  path  sampling  techniques,21 as  well  as  non-equilibrium22 and
equilibrium23 (this thesis, chapter 3 and 4) brute force simulations among others.
Biased-sampling  techniques attempt  to  improve  the  efficiency  with  which  the
conformational  space  accessible  to  the  structure  is  sampled.  One  of  these  methods  is
umbrella sampling where the accessible regions of the phase space are reconstructed based
on structures that have been generated using a modified potential. In this method the regions
of conformational space the system explores are altered by adding a term in the Hamiltonian
that either  restrains sampling to a local  region and/or flattens the potential. The unbiased
energy  landscape  is  then  reconstructed  using  theoretical  techniques  from  statistical
mechanics.24 As is stated by Brooks, ’while novel insights can (and have) been gained from
this  type  of  molecular  simulation,  this  approach  suffers  from  the  potential  problem  of
yielding  only  anecdotal  characterizations  of  the  process  of  interest,  reflecting  the  few
specific initial conditions sampled in the study’. An interesting example of this limitation is
discussed  in  chapter  3  of  this  thesis  where  umbrella  sampling  simulations  significantly
overestimate the stability of a triple stranded antiparallel β-sheet peptides.18 
Replica exchange  molecular dynamics simulations is a special case of umbrella  sampling
where  the  biasing  potential  is  a  function  of  the  potential  energy.  In  this  method,
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simultaneous simulations are run in parallel and configurations are exchanged periodically,
according to the Metropolis criterion. This means that kinetic traps are easily overcome via
exchange with a configuration at a higher temperature.25 This is at the same time a delicate
aspect of the methodology because  it requires an appropriate  distribution of temperatures
that may depend on the system studied26. Though very efficient to enhance sampling, this
method is extremely sensitive to the comparable performance of the processors and scales
efficiently only to tens of processors.27
Another  biased  technique  is  parallel  replica  dynamics.  In  this  method,  independent
simulations are started from the same conformational basin. When one of these simulations
exits a  basin,  all the other  simulations  are restarted from the new basin position and  the
process  is  repeated.28 This  method  assumes  a particular  statistical  distribution  of  folding
times.   By  considering  (tens  of)  thousands  of  trajectories,  it  is  considered  that  some
configurations will be in conformations near the transition region, and will proceed rapidly
to the native fold. Monitoring the fraction of such trajectories and the timescale required, on
average, for these protein molecules to reach the native fold leads to an estimate of the mean
folding time. This is simply constructed as the ratio of the length of an individual trajectory
to the fraction of trajectories that folded in that time.29 This strategy combined with the use
of  weakly  coupled  private  computers  (Folding@Home project30,31)  provides  combined
simulation times of the order of microseconds allowing the study of the folding of peptides20
and  small  proteins.32 Though  impressive  at  first  sight,  this  method  cannot  be  applied  to
systems  bigger  than  ~40  amino  acids  in  implicit  solvent  or,  more  general,  for  small
molecules in explicit solvent given the current  limitations in computational  power.   More
importantly, this method does not allow for the reconstruction of the free energy landscape
of the structure since the trajectories are not in equilibrium and it does not properly weight
the possible folding pathways of the structure.33
Transition  path  sampling  methods  have  also  been  used  to  study  the  kinetics  of  peptide
folding since the method has proved to be a viable approach to describe processes separated
by high free-energy barriers in complex environments.21  Although kinetics can be extracted
from the methodology, it is not clear yet how thermodynamics can be recovered.  This is a
recent development in the field that deserves more tests to check possibilities and limitations.
Nonequilibrium brute force molecular dynamics simulations have been applied by Caflisch
and coworkers.22 Impressive simulation times have been achieved (tens of microseconds) by
combining trajectories run at different  temperatures and from different  starting conditions
that  allow an analysis of the to  shape  of  the free energy  landscape.  Nevertheless,  in  the
weighting process, pre-knowledge of the native structure is required. Therefore, results are
highly  biased  and  do  not  allow  sampling  of  other  equally  relevant  regions  of  the
conformational space.
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A  more  conservative  approach  uses  molecular  dynamics  simulations  without  any
methodological nor technical approaches to enhance sampling. The most basic assumption,
that is the ability of the technique to spontaneously overcome kinetic barriers and converge
to a sufficient sampling of the conformational space was first explored by Daura  et al23 to
study a small peptide of seven amino acids.   Remarkably,  interpretation  of spectroscopic
data can be enhanced by the back calculation of spectra from the trajectories34 (chapter 4 of
this thesis).  In principle, thermodynamics and kinetics can be extracted from the simulations
if  sufficient  sampling  is  achieved.   Experience  has  demonstrated  that  such  "sufficient
sampling" is highly demanding in terms of computational time and quality of the force field
(chapters 3 and 4 of this thesis) limiting the practical applications of the technique.
1.3 Computer simulations of peptide aggregation
Another major challenge for MD simulation techniques is to shed light on the  formation and
stability of supramolecular structures. To be able to model supramolecular structures non-
covalent  inter-molecular  interactions,  within  a  given  chemical  environment,  must  be
described with high accuracy.  For example,  stability  of inter-peptide backbone hydrogen
bonds  must  be  reproduced  under  different  solvation  and  concentration  conditions.
Therefore, the quality of the force field and the extent of sampling are fundamental issues in
peptide aggregation simulations, as they are in peptide folding simulations. 
Attempts  to  describe  protein  oligomerization have  mainly involved  the use of simplified
models. These models attempt to reduce the complexity of the problem by removing atomic
detail while still hoping to capture the general aspects of the process. Such models have also
been widely used  in  protein  folding  simulations  but  were not  referred  to  in  the previous
section in part because of the current progress in the field  being achieved using all-atom
force fields. However,  in  the case of protein aggregation, which is complex and involves
large time- and space-scales, coarse grained models remain an attractive option. Modelling
the  solubility  and  compactness  of  proteins  using  exhaustive  enumeration,35 of  the
competition between protein folding and aggregation,36,37,38,39 and of the prion-like behavior
(conformational  propagation)40,41 via  coarse  grained  on-lattice  Monte  Carlo  (MC)
simulations are examples of this approach.  In addition, the assembly and folding kinetics of
a  tetrameric  β-sheet  complex  has  been  studied  using  off-lattice  discontinuous molecular
dynamics (DMD) simulations.42
An intermediate resolution model that includes a simplified representation of the side-chains
has been used in DMD simulations to study the competition between protein refolding and
aggregation43 and the mechanism of amyloidogenesis in Src SH3 domain proteins.44 The role
of side-chain interactions in the early stages of aggregation of a peptide from the yeast prion
Sup3545 and  the role  of  the  environment  on  the stabilization  of  intermolecular  hydrogen
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bonds in aggregates of fragments of amyloidogenic proteins46 have been investigated using
an all-atom description of the solute and an implicit representation of the solvent.
A  more  detailed  level  of  description  exploiting  fully  atomistic  molecular  dynamics
simulations has been used to probe the mechanism of aggregation of different segments of
Aβ peptide in water.47,48 The aggregation process of a model  peptide (N-terminal  of SIV
gp32)  in  different  chemical  environments  has  been  addressed  by  using  all-atom  MD
simulations in explicit solvent on a nanosecond time-scale (this thesis, chapter 5).
In  the same way as for oligomerization, different  levels of description have been used to
study  stability  of  protein  aggregates.   Off-lattice  coarse  grained  models  using  DMD
simulations have given insight into the thermodynamics and stability of a tetrameric β-sheet
complex.49  Much  effort  has  also  focused on  studying  protofilament  and  fibril  stability.
Model  structures  of  amyloid  fibrils  based  on  either  constraints  from  solid  state  NMR
experiments50,51,52 or geometric information from diffraction data53,54 have been proposed in
the last years.  Other approaches have used knowledge from experiments (without explicitly
including  experimental  constraints  in  the  algorithms)  and  all-atom  MD  simulations  in
implicit55,56 or explicit solvent57,58,59 to suggest fibril atomic models based on thermodynamic
stability.   The dynamic  properties of proposed fibrils have been investigated in short all-
atom  MD  simulations  performed  in  implicit60 and  explicit61 solvent.   The  spontaneous
twisting and stabilization of protofilaments  is discussed in chapter 5 of this thesis based on
all-atom MD simulations with trajectories on a nanosecond time-scale.
1.4 Molecular Dynamics simulations
Molecular dynamics simulation (MD) is a computational technique that solves, by numerical
integration, the Newtonian equations of motion for interacting bodies. Given an interaction












From this differential equation, the set of Cartesian coordinates {r{t}} and velocities {v(t)}
for all particles is generated. This can be interpreted as a statistical ensemble that will enable
a macroscopic  description of  the behavior  of  the system.   To simulate  biomolecules,  the
Hamiltonian  that  describes  the  system  (interacting  atoms)  is  stated  under  two
approximations: (i) the Born-Oppenheimer approximation, and (ii)  classical approximation
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where the de Broglie thermal wavelength is considered to be smaller than the mean nearest
neighbor  separation.  With  these  two  assumptions,  the  biomolecule  consisting  of  N
interacting point particles is described via the conservative Hamiltonian H as the sum of the
kinetic energy K(p1,p2,...,pN), which depends on the momenta (masses and velocities) of the
particles,  and  the  potential  energy  V(r1,r2,...,rN),  which  depends  on  the  position  of  the
particles.
For biomolecules,  V(r1,r2,...,rN) corresponds to a set of semi-empirical functions that model
the  effective  interactions  between  the  particles.  There  has been a  considerable  effort  to
develop  reliable  interaction  functions  or  force  fields  for  proteins.  Typical  examples  are
AMBER,62 CHARMM,63 OPLS,64 and GROMOS.65,66  In general,  these force fields depend
on  the  functional  forms  and  parameters  used to  model  each  interaction.  Interactions  are
modeled by two types of  physical  terms:  Non-bonded interactions  ((fixed)  charge-charge
and van der Waals interactions) and bonded interactions (stretching, bending and torsions).
In addition, non-physical terms to restrain and constrain the system may also be included.
From the statement  of  the model,  it  is logical  to argue  that the quality  of the interaction
function chosen together with the time length of the simulation are key points that determine
the accuracy of the data generated. 
Throughout  this thesis, all systems are simulated using the GROMOS96 force field.  The
GROMOS96 force field was developed to describe biomolecular systems in the condensed
phase.65 The GROMOS96 force field  or interaction function has the following form (for a
complete description see van Gunsteren et al65.): 
V GROMOS96

r , s  V bonded

r , s  V nonbonded

r , s 
with r being the particle coordinates of the N particles with Cartesian coordinates ri and s a
number of parameters:
r 	
 r1, r2,. .. , rN 
s  s1 , s2 , ... , sN 
The bonded terms Vbonded are:
 bond-stretching Vbond between two covalently bonded atoms
 
:










with bn  the bond length between bonded atoms i and j, and Kbn and bon parameters defined
for each type of pair of atoms.
 bond-angle bending Vangle:
V angle 
 r , s
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2
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with θn the angle between the atom triplet i-j-k, where atoms i-j and atoms j-k are covalently
bonded. Kθn and cosθon are defined for each type of atom triplets.
 harmonic improper dihedral-angle bending Vhar: 
V har 
 r , s






n "! n ﬁ ! on ﬂ
2
to keep groups of atoms (i-j-k-l) near a specified spatial configuration. The angle ξ is defined
as the angle  between the planes  i-j-k  and j-k-l.  Kξ and  ξon are set for  each type of atom
quadruplets.
 trigonometric (proper) dihedral-angle torsion Vtrig:








1 % cos '& n

cos  mn ( n


to set interactions for the quadrupole of atoms i-j-k-l. The angle  ϕ is defined as the angle
between planes i-j-k and j-k-l. Kϕn, cos(δn) and mn are set for each type of atom quadruplets.
The nonbonded terms Vnonbonded are:
 van der Waals (Lennard-Jones) terms VLJ 
V LJ  











where the first part corresponds to a repulsive potential and the second part corresponds to
an attractive potential. Coefficients C12(i,j) and C6(i,j) are set for each combination of atoms i
and j.
 Coulomb interactions Vcoul
V coul  
qi q j
4 )+* o * r r ij
with qi and qj the (fixed) charges on atoms i and j respectively.
The GROMOS96 force field has been developed with the aim of keeping functional forms
simple to allow for efficient calculation, to ensure compatibility between solute and solvent
force  field,  and to  allow the transferability  of parameters  between comparable  molecular
fragments.65
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